ABSTRACT: An appreciation for the importance of structural complexity, combined with the acknowledgment that stands with complex structures are uncommon compared to pre-European settlement estimates, has led to a growing interest in restoring late-successional forests. The success of these projects is dependent upon our understanding of the variability of late-successional structure and the disturbance events that produced this structure. We quantified woody species composition, stand structure, canopy disturbance history, and Quercus establishment and canopy accession patterns to document processes that resulted in the structural conditions of an upland hardwood forest in Tennessee. The forest established in the mid-1800s and exhibited structural characteristics that were within the range of what has been reported from other late-successional forests in the region. The forest overstory was dominated by Quercus prinus, but Acer saccharum was the most abundant species. Quercus recruitment was continuous from stand initiation through the 1950s. The vast majority of Quercus trees that established prior to 1880 established in closed canopy conditions, whereas most Quercus trees that established after 1880 established in high light environments. Quercus establishment in canopy gaps resulted in multi-aged Quercus populations in the forest. We documented three forest-wide disturbances during development (1922, 1945, and 1973). The 1922 forest-wide disturbance coincided with an establishment pulse of largely understory taxa, and the broad-scale event of 1945 corresponded with an establishment pulse of A. saccharum. Our results provide benchmarks for a region that lacks other reference conditions and can be used to inform structure and process based restoration approaches.
INTRODuCTION
Late-successional hardwood stands throughout the temperate zone are noted for their unique structural characteristics, which are often described as complex (Oliver and Larson 1996; Hale et al. 1999; Johnson 2004 ). Ironically, we know little about the disturbance processes that occurred during development to create the structures that characterize these latesuccessional stands. Furthermore, latesuccessional stands vary considerably in their structural attributes (Parker 1989; Boyce 1995; Tyrrell et al. 1998) , and it is unknown to what extent that variability is controlled by a stand's unique disturbance history (Burrascano et al. 2013 ).
When combined with forest inventory data, forest reconstructions allow us to analyze stand development and succession and to examine the relationships between these processes and disturbance events (Henry and Swan 1974; Oliver and Stephens 1977; Lorimer 1985; Lorimer and Frelich 1989) . Reconstructions of disturbance and development in late-successional stands provide quantitative information on these processes over long periods. These data improve our ability to develop silvicultural prescriptions designed to manage stands according to historical disturbance regimes (i.e., the historical range of variation) or to enhance elements of late-successional structure in young stands (Seymour et al. 2002; ).
Late-successional hardwood stands with complex structure are rare in the eastern United States (Parker 1989; Dyer 2006) . Most stands in the region established following timber harvesting. This activity peaked in the early 1900s, and thus, forests over vast expanses of the eastern United States are characterized as even-aged, less than 100 years old, and in the stem exclusion or understory reinitiation stages of development (Whitney 1994; Lorimer 2001) . Therefore, forests that exhibit the structural complexity that epitomizes latesuccessional stands are underrepresented on the landscape (Keeton 2005) . Latesuccessional structural characteristics of temperate hardwood stands include live large trees, multiple age classes, a range of canopy tree size classes, multilayered canopies, snags, and logs on the forest floor (Oliver 1981; Martin 1992; Hale et al. 1999) . These structural features serve as critical habitats for the maintenance of native forest biodiversity and provide important ecosystem functions such as carbon storage (Begon et al. 1986; Hunter 1990; Kenefic and Nyland 2000) . The importance of late-successional forest structure and function for the maintenance of biodiversity and ecosystem services, combined with the acknowledgment that such structures are uncommon compared to pre-EuroNatural Areas 
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pean settlement estimates (Whitney 1994; Lorimer 2001) , has led to a growing interest in restoring late-successional forests, especially on public lands. Recommendations have been provided for structure-(e.g., Keeton 2005 Keeton , 2006 and disturbance-(e.g., Seymour et al. 2002) based restoration approaches. The success of either of these approaches to forest management designed to restore late-successional forests is dependent upon our understanding of the variability of late-successional structure and the long-term disturbance histories that produced this structure. Stand structures and disturbance regimes vary across space. Indeed, estimates on simple forest measures such as trees ha -1 and basal area ha -1 vary widely within a single forest type (Tyrrell et al. 1998; Burrascano et al. 2013 ). Thus, quantitative silvicultural guidelines for restoration should be place-based and developed from sites in similar biophysical settings.
The overarching goal of our study was to document long-term patterns of forest development and disturbance in a late-successional Quercus-dominated forest on the southern Interior Low Plateau in Tennessee, United States. Our specific objectives were to: (1) quantify species composition and structural elements, (2) reconstruct the frequency, magnitude, and spatial extent of canopy disturbance events during forest development, and (3) elucidate relationships between disturbance processes and forest development. We hypothesized that the conditions of the study site were representative of forests throughout the broader area such that the data reported here may be used as reference conditions for restoration planning.
STuDY AREA AND METhODS

Study Site
Our study was conducted on the Hill Forest State Natural Area (HFNA) located 20 km southwest of Nashville, Tennessee. The 91-ha reserve is managed as a state natural area by the Tennessee Department of Environment and Conservation. The HFNA is a component of the Warner Parks system of metropolitan Nashville. The land constituting HFNA and a surrounding (buffering) area were formally established as forest reserves when the property was transferred to the State of Tennessee in 2010. Our study was specifically focused within an approximately 60-ha portion within the core section of the 91-ha reserve. Permanent settlement of the area did not begin until 1785 when European settlers first built homesteads near Nashville. By 1810, several farms were established within 6 km of the study site, but land clearing was limited to stream bottoms and relatively level areas. We do not know the exact extent to which the study area within the HFNA was affected by land-use activities by early settlers, but we assume that the area was not immune to some level of grazing and timber harvesting. Within the core of the study area, we noted no cut stumps or old logging roads; however, the outer portions, lower in elevation and slope gradient, likely experienced some direct human disturbance including logging, fire, and grazing prior to 1924. Since 1924, fencing around the perimeter of the area we studied has been well maintained, effectively preventing livestock grazing on the core portion of the reserve. Grazing and fire have been excluded from the forest since that time.
The HFNA is located in the outer portion of the Central (Nashville) Basin of the Interior Low Plateau (Fenneman 1938; Edwards et al. 1974) . Braun (1950) classified the study area as the Nashville Basin section of the Western Mesophytic (Quercus-Carya) Forest Region. True mixed mesophytic communities occur here only in riparian areas and in shaded hollows (Smalley 1983) . The Central Basin features rolling to steep topography. The higher elevations are capped by cherty limestone of the Fort Payne Formation. These are posterosional remnants of the Highland Rim Physiographic Province. Soils on the side slopes developed in the Chattanooga Shale, which represents the contact between the Highland Rim and the Nashville Basin. The soil series encountered included Bodine silty loams, 5-20% slopes on the highest elevations, the Bodine-Sulphura Complex, 20-50% slopes, and Dellrose cherty silt loams, 12-20%, forming a natural moisture and fertility gradient that generally increases with decreasing elevation (North 1981) . The elevation of the study plots ranged from approximately 217 to 279 m.
The climate is classified as humid mesothermal (Thornthwaite 1948 ) with long, moderately hot summers and short, mild winters. The average frost-free period is approximately 209 days and the mean annual temperature is 15 °C. The July average temperature is 26 °C and the January average temperature is 3 °C (PRISM Climate Group 2013). The area typically receives steady precipitation during the year with no distinct dry season; however, short periods of water surplus or deficit are common. Mean annual precipitation is 121 cm (PRISM Climate Group 2013). Thunderstorms accompanied by intense rainfall and sometimes hail occur over 55 days annually and are most common in late spring and summer. Snowfall is minimal and generally melts within a few days (North 1981) .
Field Methods
To quantify forest composition and structure, we established 27 0.04-ha fixed-radius (r = 11.29 m) plots throughout the inner core of the HFNA. Prior to field data collection, plot locations were selected using ArcGIS v. 9. Plots were arranged in a systematic grid pattern at 188-m (E-W) x 135-m (N-S) spacing and coordinate pairs were downloaded as waypoints into GPS receivers so the plots could be located in the field. In each plot, we recorded species, crown class, and diameter at breast height (dbh, approximately 1.4 m above the surface) of all stems ≥5 cm dbh to quantify species composition and stand structural characteristics. Crown class categories (dominant, codominant, intermediate, and overtopped) were based on the amount and direction of intercepted light following Oliver and Larson (1996) . To document stand age and recruitment pulses and to reconstruct canopy disturbance history, we used increment borers to extract tree core samples from all trees ≥20 cm dbh and the four trees ≥5 cm and <20 cm dbh nearest to plot center on each plot. To increase our sample size of trees to reconstruct disturbance history, we opportunistically
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Natural Areas Journal 559 collected increment cores from Quercus canopy trees immediately adjacent to our inventory plots that exhibited characteristics of being old (Pederson 2010) . These samples were labeled accordingly and in our analyses were grouped to the plot to which they were adjacent. These samples were only used to reconstruct canopy disturbance history and to quantify canopy accession strategies of Quercus. We identified all snags (standing dead trees ≥5 cm dbh with crowns mostly intact) on each plot to the lowest taxonomic level possible and recorded snag diameter and decay class using criteria adapted from Spetich et al. (1999) to quantify structural features, disturbance history, and woody debris decay patterns. The regeneration layer was quantified using nested 0.004-ha circular plots located 7.2 m due north of overstory plot center. In the 27 regeneration plots, we tallied all woody stems ≥0.7 m in height and <5 cm in dbh. We defined seedlings as stems >0.7 m and <1.4 m tall; saplings were stems >1.4 m tall and <5 cm in dbh.
Multistemmed woody plants in the regeneration plots were considered separate individuals if the stems separated below ground (i.e., were not visible) and as one individual if the stems separated above ground.
laboratory and Analytical Methods
Tree, seedling, and sapling layers were analyzed using standard descriptors. For trees we calculated density (number of stems ha -1 ), relative density (contribution to total trees), dominance (basal area, m 2 ha -1 ), relative dominance (contribution to total basal area), and relative importance (sum of relative density and relative dominance) for each species. For seedlings and saplings we calculated density and relative density. For both layers we quantified species richness, species diversity (H'), and species evenness (J; Ludwig and Reynolds 1988) .
In the laboratory, all tree core samples were prepared and processed for dating using the methods outlined in Stokes and Smiley (1996) . The cores were air-dried, glued to wooden mounts with cells vertically aligned, and sanded with a series of progressively finer abrasives to reveal the cellular structure of the wood surface (Orvis and Grissino-Mayer 2002) . Once processed, tree rings on all core samples were dated to the calendar year of formation. Inner dates were estimated using pith estimators for series that included substantial ring curvature but lacked pith. Forest disturbance history was reconstructed using the Quercus individuals ≥20 cm dbh from our collection because the genus typically produces rings with clear boundaries and does not commonly contain locally absent rings or produce false rings. Quercus were also the oldest trees documented on the site and were dominant and codominant canopy species, had high relative frequency, and have been used successfully in other studies to document canopy disturbance history (e.g., Nowacki and Abrams 1997; Rubino and McCarthy 2004; Hart and GrissinoMayer 2008; Buchanan and Hart 2012) . Once all rings were visually dated, we measured raw-ring width to the nearest 0.001 mm using a Velmex measuring stage interfaced with Measure J2X software for all overstory Quercus series (n = 56). The measurement series were visually compared and statistically analyzed using segmented time series correlation analysis in the COFECHA program to ensure each growth ring was assigned to the proper calendar year of formation (Holmes 1983; Grissino-Mayer 2001a) . Segments that fell below the predetermined significance threshold (r = 0.32, P > 0.01) were flagged by the program and all flagged segments were re-inspected for possible dating errors. Dating was adjusted if deemed necessary.
Once we were confident all tree rings on all canopy Quercus series were dated to their exact calendar year of formation, we used dendroecological techniques to quantify the magnitude, frequency, and spatial extent of canopy disturbance events. The identification of release episodes (i.e., pulses of increased growth) in radial growth patterns of canopy trees is the primary technique in dendroecology to reconstruct canopy disturbance events (Lorimer 1980 (Lorimer , 1985 Abrams and Nowacki 1992; Nowacki and Abrams 1997; Frelich 2002; Fraver and White 2005) . Release episodes are often defined as changes in radial growth relative to a predetermined criterion and are identified using a percent growth change equation (Nowacki and Abrams 1997; Rentch et al. 2002; Rubino and McCarthy 2004) . We analyzed changes in raw-ring widths with respect to the running mean of the previous and subsequent 10 years. Release events were identified as periods in which raw-ring width was ≥25% (minor) or ≥50% (major) of the 10-year preceding and superseding mean (Nowacki and Abrams 1997) , sustained for a minimum of three years . We classified forest-wide canopy disturbance events as episodes when there was a synchronous release experienced by a minimum of one tree at least 10 years of age on 25% of the study plots (Nowacki and Abrams 1997; Rubino and McCarthy 2004; . This spatially explicit method prevented us from mislabeling a localized event that may have resulted in the release of ≥25% of trees from a small portion of the forest as true forest-wide episodes. We used the FHX2 software to graphically display spatio-temporal patterns of release events (Grissino-Mayer 2001b; Hart and GrissinoMayer 2008; . To account for variability in sample size through forest history, we used a relativized descriptor of release frequency (Rubino and McCarthy 2004; Buchanan and Hart 2012) .
To examine canopy disturbance patterns and Quercus recruitment strategies, all Quercus trees ≥20 cm dbh were classified into two groups (gap or understory origin) based on early radial growth rates (Rentch et al. 2003) . Trees with mean radial growth rates of ≥2.00 mm yr -1 for the first 10 years were considered to be of gap origin (Ruffner and Abrams 1998; McEwan and McCarthy 2008) . Trees with mean radial growth rates of <2.00 mm yr -1 for the first 10 years were classed as understory origin. We subsequently determined if and when the trees experienced growth releases identified by the 10-year running mean method. To corroborate these quantitative classifications, we graphically analyzed the radial growth patterns of each of these Quercus series. We combined the recruit-ment strategy classes with the detection of subsequent release event(s) to assign all Quercus trees ≥20 cm dbh to an establishment and canopy accession strategy class as defined by Rentch et al. (2003) : gap origin-no release, gap origin-gap release, or understory origin-gap release.
RESulTS
Forest Composition
Species richness of the tree layer (stems ≥5 cm dbh) was 29, diversity (H') was 2.61, and evenness (J) was 0.78. Basal area of the tree layer was 24.0 m 2 ha -1 and tree density was 426 ha -1 ( important contributor to the tree layer, comprising over 65% relative importance. The most dominant species in the forest based on basal area was Quercus prinus, with a basal area of 6.3 m 2 ha -1 (Table 1) . The next most dominant species were Acer saccharum, Quercus rubra, Quercus alba, and Quercus velutina. Collectively, these five species represented more than 61% of the tree layer basal area. No other species contributed to more than 5% of the forest basal area and 11 species each represented less than 1% of the basal area total.
The most abundant species in the tree layer was Acer saccharum with 119 stems ha -1 (Table 1 ). This species represented almost 28% of all stems ≥5 cm dbh in the forest. The second most abundant species was Sassafras albidum with 62 stems ha -1 . These species were followed by Fagus grandifolia, Quercus prinus, and Nyssa sylvatica. Combined, these five species made up over 64% of all trees in the forest.
Cornus florida was the only other species with at least 20 trees ha -1 . Of the 29 species in the tree layer, four species were represented by only one tree ha -1 .
Seedling layer species richness, diversity, and evenness were 19, 2.19, and 0.74, respectively. We documented 4320 stems ha -1 in the seedling layer ( Table 2) . The most abundant species in the seedling layer was Sassafras albidum. The second most abundant species was A. saccharum, but density of this species was 44% lower than that of S. albidum. Sapling layer species richness was 7, diversity was 1.73, and evenness was 0.89. Sapling density was 182 ha -1 . The most abundant sapling species were Lindera benzoin and Ulmus serotina, which collectively represented 53% of all individuals in the sapling layer. We did not document any Quercus in the sapling layer. Cladrastis kentukea was the only species present in the sapling layer, but not the seedling layer. Acer rubrum was the only species with canopy potential in the seedling layer that was absent from the sapling and tree layers. Notably, we documented only one woody alien species in our forest plots, Lonicera maackii. This alien shrub represented over 7% of seedling layer stems. 
Forest Diameter and Age Structure
The diameter structure of all trees in the forest revealed an inverse J-shape from small size classes to large size classes (Figure 2) . The mean q-factor was 1.38 with a maximum of 2.60 between the 55-60 cm and 60-65 cm size classes and a minimum of 0.75 between the 35-40 cm and 40-45 cm classes. Quercus exhibited a uniform distribution and was present in all but the 25-30 cm size class, with an apex in the 55-60 cm size class (n = 11). Carya was most abundant in the 10-15 cm size class and was present in all but four of the larger size classes. The Acer-Fagus and "others" groups exhibited declines in stem density with increased size, indicative of a reverse J-shaped distribution. We documented 64 A. saccharum and 27 F. grandifolia ha -1 in the 5-10 cm class. Collectively, these two species represented 53% of all stems in this size class. In contrast, we noted just seven stems ha -1 ≥40 cm dbh from the Acer-Fagus group. The most abundant species in the smallest size class from the "others" group were S. albidum (29 trees ha -1 ) and N. sylvatica (19 ha -1 ). Combined, these two species represented 62% of all stems in the smallest size class in the "others" category. Only four trees ha -1 from this taxonomic group occurred in the forest (two L. tulipifera and two F. americana).
We documented 20 trees ha -1 ≥60 cm dbh and eight trees ha -1 ≥70 cm dbh. Of these 20 trees, 14 were Quercus, two were Carya, two were L. tulipifera, and two were F. grandifolia. The largest trees in our dataset were a Q. alba and a Q. prinus, both at 90 cm dbh. The third largest tree was a L. tulipifera at 86 cm dbh. Trees ≥70 cm dbh represented only 2% of all trees ha -1 , but individuals of this size comprised 18% of total basal area ha -1 . The quadratic mean diameter of the forest was 29 cm and the mean dbh of canopy trees was 43 cm ± 2 (SE). The mean dbh of A. saccharum was 13 cm and the maximum dbh was 57 cm. The mean and maximum dbh of F. grandifolia was 11 cm and 72 cm, respectively. Sassafras albidum mean dbh was 13 cm and the largest tree of this species was 35 cm dbh. In contrast, the most dominant species in the forest, Q. prinus, had a mean dbh of 48 cm.
The oldest tree we documented was a Q. prinus with an inner date at breast height of 1841 and a dbh of 66 cm (Figure 3 
Snag Characteristics
We documented 61 snags ≥5 cm dbh ha -1 and five snags ≥40 cm dbh ha -1 across the study site (Table 3) . Mean snag dbh was 15 cm ± 2 (SE) with a maximum of 69 cm for a S. albidum individual. The basal area of snags was 1.8 m 2 ha -1 . Snag frequency was highest in the smallest dbh class and abundance generally decreased with increased size, indicative of a reverse J-shaped distribution (Figure 4 ). We were able to identify 81% of all snags to species with confidence. Of the snags that were taxonomically identified, we documented 11 different species. The majority (58%) of snags were S. albidum. Sassafras albidum represented 50% of snag basal area. The mean dbh of S. albidum snags was 13 cm ± 2 (SE). We documented six S. albidum snags ≥20 cm dbh and two such trees ≥40 cm dbh. With the exception of S. albidum, the only other snag identified to species that was over 40 cm dbh was a L. tulipifera with a dbh of 47 cm. The largest snag identified as Quercus was a Q. velutina with a dbh of 13 cm.
Canopy Disturbance history and Structural Development
We analyzed 56 overstory Quercus trees using the 10-year running mean method and 46 (82%) of these individuals exhibited at least one release event. In total, 101 release events were detected from We documented three forest-wide disturbances during stand development. These episodes were initiated in 1922 (a simultaneous release from trees at least 10 years of age on 31% of our plots), 1945 (53% of plots), and 1973 (25% of plots; Figure  5 ). The highest decadal release to sample size ratio value occurred in the 1940s when 40% of the trees at least 10 years of age exhibited a growth release ( Figure 6 ). The second highest value was 29% and occurred in the 1970s. From the late-1800s to the end of the record, decadal release to sample size percentages exhibited an oscillating pattern, with peaks occurring approximately every three decades. Peaks in release to sample size ratio values occurred in the 1910s, 1940s, 1970s, and 1990s . The mean percent of trees that experienced releases during these four peaks was 29%.
Radial growth patterns varied between understory origin and gap origin trees (Figure 7 ). Of the 56 overstory Quercus trees analyzed, 31 (55%) established in a canopy gap and 25 (45%) established under a closed forest canopy (Figure 8 
DISCuSSION
Forest Composition
Species richness and diversity were highest for the tree layer. In fact, species richness and diversity of the tree layer were comparatively high for the region (e.g., Hart et al. 2008, S: 30, H': 2.97; Hart and Grissino-Mayer 2008, S: 30, H': 2.57; Schweitzer and Dey 2011, S: 20, H': 3.00; Hart, Clark et al. 2012, S: 30, H': 2.25 ). We documented trees on our plots that commonly occur on xeric (e.g., Quercus coccinea) and mesic (e.g., Tilia americana) sites. Species richness of the tree layer has the potential to increase as we noted four species in seedling and sapling layers that were absent as trees, but have the potential to reach dbh of 5 cm (the lower size limit of trees as defined in this study). The sapling layer exhibited the lowest species diversity, but the highest species evenness value. The sapling layer was relatively sparse, but these individuals were rather evenly distributed across the seven species present. The seedling layer had the lowest evenness value. We attributed this to the abundance of S. albidum; the species represented 28% of all seedlings. The next most abundant seedling species was A. saccharum, but it was 44% less common than S. albidum. Although S. albidum is a common component in old field stands in this region, we are uncertain why it was so abundant in this reserve. Acer rubrum and Lonicera maackii were the only species unique to the seedling layer and Cladrastis kentukea was the only species unique to the sapling layer. The only other species present in the regeneration plots but absent from our tree plots was Lindera benzoin. We speculate that A. rubrum seedlings will recruit to larger size classes following canopy disturbance events. The species is able to sustain slow growth in light-limited conditions for decades and then respond rapidly to increases in understory insolation . Furthermore, we hypothesize that the absence of this species in larger size classes was attributed to the timing of its establishment on the site.
The only woody alien species documented in our study was L. maackii. Lonicera maackii has invaded forests throughout the eastern United States. This species has seeds that are dispersed widely by birds, do not require a period of dormancy, and can germinate throughout the year (Luken and Goessling 1995; Luken and Thieret 1996) . Lonicera maackii also has been documented to have a longer growing season than most co-occurring native plants (McEwan et al. 2009 ) and may benefit from allelopathy (McEwan et al. 2010) . Lonicera maackii typically occurs in edge habitats and in forests with some canopy disturbance (Hutchinson and Vankat 1997) .
We did not collect and analyze age data for L. maackii, but it is possible establishment of this species in the HFNA was related to canopy disturbance events. This species represented 7% of woody stems in the seedling layer and occurred on 11% of our plots. This species has been documented to negatively impact native plant growth, survivorship, and reproduction (Collier et al. 2002; Gorchov and Trisel 2003) . Wilson et al. (2013) found that Quercus forests, especially mature stands, were more resistant to invasion by this alien species compared to other forest types. The HFNA occurs within metropolitan Nashville, Tennessee, and we speculate that propagule pressure was high. Distance to urban areas has been shown to be positively correlated with L. maackii presence in woodlots (Bartuszevige et al. 2006) . We hypothesize that this alien species may present a problem for reserve managers.
Forest Structure
The HFNA exhibited some structural characteristics that typify late-successional forests. For example, basal area of stems ≥10 cm dbh was 23 m 2 ha -1 and 25 m 2 ha -1 for live stems ≥5 cm dbh. These values approximate the 25-35 m 2 ha -1 that has been reported from other late-successional stands in the region (Parker 1989; Martin 1992; ). Martin (1992) suggested that 25 m 2 ha -1 was the minimum basal area for stems ≥10 cm dbh in late-successional mixed mesophytic forests of the region. Held and Winstead (1975) cessional stands of the Central Hardwood Forest, Kupfer and Kirsch (1998) documented a density of 363 trees ha -1 for a late-successional hardwood stand on the Chickasaw Bluffs of west Tennessee, and Martin (1992) reported a live stem density of 250 ha -1 in a late-successional forest on the Cumberland Plateau in Kentucky. An important structural feature in late-successional forests is the abundance of large trees (Burrascano et al. 2013 ). The density of live stems ≥70 cm dbh reported from late-successional stands in the Central Hardwood Forest varies from 0-27 ha -1 (Tyrrell et al. 1998) . Parker (1989) suggested that late-successional mesophytic stands should contain a minimum of seven trees ≥75 cm dbh ha -1 . On the HFNA we documented eight stems ≥70 cm dbh ha -1 and six stems ≥75 cm dbh ha -1 . Of note, we documented 20 trees ha -1 over 60 cm dbh.
Quadratic mean diameters reported from late-successional Quercus stands in the Central Hardwood Region range from 32 to 42 cm (Parker et al. 1985; McCarthy et al. 1987; Goebel and Hix 1996; Abrams et al. 1997; Kupfer and Kirsch 1998; McCarthy et al. 2001) . Quadratic mean diameter on the HFNA was 29 cm and mean canopy tree dbh was 43 cm. The relatively low quadratic mean diameter of the HFNA may be attributed to forest age, site conditions, and/or disturbance history. For example, larger trees are often disproportionately killed during strong wind events (Peterson 2007; , such as those that likely resulted in the forest-wide disturbances documented in our study, and the removal of the largest trees would lower quadratic mean diameter. Site factors influence species composition and species-specific growth rates could lead to variability in tree sizes. Regardless of species composition, quadratic mean diameter is influenced by site productivity as productivity affects the rate at which volume accumulates (Nyland 2002) . The mean q-factor for the HFNA was 1.4 using 5 cm dbh classes. The inverse J-shaped distribution of the HFNA was within the range of what has been reported from other late-successional Quercus stands (Loewenstein 1996; Rentch 2001) .
Coarse woody debris, including snags, is often considered to epitomize late-successional forest structure (Martin 1992; Tyrrell et al. 1998) . McComb and Muller (1983) documented 43 snags ≥10 cm dbh ha -1 in an old-growth forest and Martin (1992) suggested that old-growth forests typically have approximately 10 snags ≥30 cm dbh ha -1 . We documented 61 total snags of at least 5 cm dbh, 30 snags ≥10 cm dbh, and seven snags ≥30 cm dbh ha -1 . Thus, large snag densities on the HFNA were slightly below the values reported in the literature for other late-successional stands in the region. However, we did document two snags ≥50 cm dbh, with the largest being 69 cm dbh. Most snags were relatively small (mean dbh = 15 cm) and, depending on species-specific decay rates, would be short-lived. We attribute the snag dominance of S. albidum to rot resistance and its sensitivity to air pollution, especially ozone (Hacker and Renfro 1992) . Sassafras albidum heartwood is resistant to decay so S. albidum woody debris has a relatively long residence time. Thus, the abundance of S. albidum snags may not indicate an unusually high mortality rate for the species, but rather its abundance may be attributed to its decay resistance (Graves et al. 2000) . Snag density alone may not be a useful indicator of late-successional structure as a wide range of densities have been reported in the literature and some studies have found no differences in snag density across stand ages (e.g., Parker and Hart 2014) .
Canopy Disturbance history and Structural Development
From our results, we deduce that the disturbance regime during development of the forest was characterized by broad-scale canopy disturbance events at approximately 30 year intervals. Between these punctuated events, the disturbance regime was characterized by more localized disturbances caused by the death of single trees or small clusters of trees-events which typify most disturbances in deciduous forests of eastern North America (Lorimer 1980; Runkle 1981 Runkle , 1985 Runkle , 2000 .
Although most canopy disturbances we documented were localized and influenced only microenvironments, the three forestwide events that occurred over the past century were clearly important drivers of stand development. These events were initiated in 1922, 1945, and 1973 . Synchronous release initiations across broad areas indicate exogenous disturbances such as high wind events, ice storms, or selective timber harvesting that would remove canopy trees throughout much of the forest. Although trees may have been removed individually or in small groups, these disturbances may be considered intermediate-stand scale events (as opposed to gap-or stand-scale) because trees were removed from throughout the forest at a rate well above that of background mortality (Oliver and Larson 1996) . Interestingly, the oldest trees in the HFNA established in the 1840s and the first forest-wide disturbance event did not occur until the 1920s. documented only one broad-scale canopy disturbance in a hardwood stand 80 years of age on the adjacent Cumberland Plateau in Tennessee. Likewise, Hart et al. (2011) did not document any such disturbances in a hardwood stand 70 years of age on the Highland Rim of Alabama. The absence of forest-wide canopy disturbances during the first 80 years of development may be related to stand age. Although stand age has no bearing on the occurrence of exogenous disturbance events (such as tornadoes), the resulting impacts of these disturbances and responses of residual trees are strongly influenced by stand age. During the stem exclusion and understory reinitiation stages, stands are characterized by high densities of relatively small individuals (Oliver and Larson 1996) . The crowns of these trees occupy only small portions of the forest canopy and the loss of such trees via exogenous disturbance results in relatively small canopy voids (Clebsch and Busing 1989; Yamamoto and Nishimura 1999; Hart et al. 2011) . The resultant void space is rapidly filled by lateral branch growth of adjacent canopy individuals, which are young and grow vigorously (Dahir and Lorimer 1996; Richards and Hart 2011) . The mean return interval of forest-wide canopy disturbances from the 1920s through the 1970s was 26 years.
Our tree-ring record ended in 2012, which was 39 years since the last forest-wide disturbance event.
We noted relationships between forestwide canopy disturbance events and tree establishment in the HFNA. The earliest forest-wide disturbance coincided with an establishment pulse of trees in the "others" category. Trees from this taxonomic group that established in the 1920s and 1930s included S. albidum, F. americana, Figure 6 . Release to sample depth ratio (%) by decade. Releases were identified using the 10-year running mean method and sample depth is the number of trees at least 10 years of age at that time.
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Natural Areas Journal 569 Goins et al. 2013) , where a change in disturbance regime coincided with a change in the species composition of the stems which established.
The majority (55%) of Quercus trees in our dataset established in open canopy conditions. However, temporal trends in establishment mode were apparent. Of the 25 Quercus trees that established prior to 1900, 68% established in closed canopy conditions, and of the 31 trees that established after 1900, 74% established in open canopy conditions. Thus, canopy establishment mode changed during the development of the forest. Early in forest development, most trees established in the understory of a closed canopy forest. As the forest aged, most Quercus trees established in high light environments associated with disturbance. The mean suppression period for understory origin trees was 27 years, with a maximum understory residence of 62 years. These times are within the range reported by Rentch et al. (2003) and . Our findings support the hypothesis of Abrams (1996) , that in the absence of competition from shade-tolerant taxa in the sub-canopy, Quercus trees are relatively tolerant of understory conditions. Without competition from mesophytes, Quercus have the physiological capability for long-term survival beneath a Quercus canopy and may be considered a gap-phase genus (Orwig and Abrams 1995; Abrams 1996) as these trees are able to persist in low light conditions and maintain the ability to respond to increased resources associated with canopy disturbance in their vicinity. The abundance of understory origin trees prior to 1900 indicates that the site had forest cover at the time the oldest trees in our dataset established during the mid-1800s. Thus, we hypothesize the stand was not completely cleared in the 1800s and may not have been cleared since EuroAmerican settlement.
Management Implications
Restoration of late-successional structure is becoming an increasingly prevalent objective of forest management throughout the eastern United States and this is especially true for public lands. To our knowledge, the HFNA is the only documented latesuccessional forest on the southern Interior Low Plateau. Although many structural characteristics of the HFNA are within the range of those reported from late-successional Quercus-dominated forests throughout the eastern United States, estimates on simple structural attributes such as trees ha -1 and basal area ha -1 vary greatly within a single forest type (Tyrrell et al. 1998; Burrascano et al. 2013) . Therefore, the HFNA may provide a reference for stands situated in comparable biophysical settings and provides another datum for meta-analyses of forest disturbance and structural conditions. (Gottschalk 1983; Dey 2002) . Indeed, spatial and temporal variability in understory light should be considered when planning silvicultural entries (Grayson et al. 2012) . Group selection and shelterwood systems, treatments that are in accord with the historical disturbance regime of the HFNA, may modify sub-canopy light to favor Quercus and other shade-intolerant and moderately tolerant taxa (Schweitzer and Dey 2011; Grayson et al. 2012 ). In stands with abundant shade-tolerant mesophytes in the understory, these regeneration harvests should be timed in conjunction with competition reduction measures such as fire or herbicide application (Schweitzer and Dey 2011; Hutchinson et al. 2012; Brose et al. 2013) . Such competition reduction measures may not have been elements of the historical disturbance regime, but may now be needed to maintain Quercus and other mid-successional taxa.
